. By contrast, we found that in ced-8 mutants the majority of cell development. We cloned the ced-8 gene and found that it is similar to XK, a putative membrane transport protein corpses did not appear until late in embryogenesis, and the greatest number of cell corpses was visible in late from humans (Ho et al., 1994) . We suggest that ced-8 functions in the downstream processes of cell killing.
3-fold embryos ( Figure 1C ; Table 1 ). Furthermore, nearly all of these cell corpses disappeared by the time of hatching, suggesting that they are engulfed rapidly, as Results usual. We observed a clear shift toward a later appearance of cell corpses than in the wild type for all ced-8 The Appearance of Cell Corpses Is Delayed in ced-8 Embryos alleles examined with the exception of n3113, which was identified as a suppressor of the lethality conferred During the approximately 14 hr of C. elegans embryogenesis, cell divisions and cell deaths together reby ced-4(n2273) ced-9(n1653) (Shaham and Horvitz, 1996a; E. K. Speliotes and H. R. H., unpublished data) sult in a total of 558 cells as the developing animal is transformed from a single cell into a vermiform larva and was nearly indistinguishable from the wild type in cell corpse assays (Table 1 ). capable of movement and feeding (Sulston et al., 1983) . Most somatic cells destined to die in C. elegans do so To confirm that the appearance of cell corpses is delayed in ced-8 mutants, we examined the effect of a soon after they are generated, and most cell corpses are visible during the developmental period between the ced-8 mutation on cell corpse number in a ced-7; ced-5 background, in which most cell corpses remain unenbean and 2-fold stages when many cells are dividing and the embryo begins to elongate (Sulston and Horvitz, gulfed (Ellis et al., 1991) . We found that most cell corpses in ced-7; ced-5; ced-8 embryos were visible during the 1977; Sulston et al., 1983) ( Figure 1A) . As viewed by differential interference contrast (Nomarski) micros-3-fold stage of embryogenesis, just as in the ced-8 single mutants ( Figure 1D ). We saw no more corpses in early copy, a dying cell becomes highly refractile and distinct ced-7; ced-5; ced-8 embryos than in early ced-8 Meyer, personal communication). We found that there was no significant difference in the number of extra embryos, consistent with the interpretation that cell corpses appear late, rather than persist, in animals mucells in ced-8(n1891)/yDf2 animals as compared to the number in ced-8(n1891) homozygotes (Table 1) . These tant for ced-8. Furthermore, the total number of cell corpses that accumulated by the late 3-fold stage of results are consistent with n1891s being a strong lossof-function or null allele of ced-8. embryogenesis in ced-7; ced-5; ced-8 animals was similar to the maximum number observed in ced-7; ced-5
Although mutations in ced-8 alone did not result in the survival of a significant number of cells that normally animals, consistent with the idea that a delay rather than a reduction in cell killing is caused by mutations in die, it was possible that ced-8 might enhance the weak cell survival phenotype that results from partial loss of ced-8. (Tables 1  and 2 ). Thus, mutations in ced-8 enhance the cell surlished data). Based on the number of corpses in embryos, ced-8 mutations did not appear to cause many vival phenotype of all weak ced-3 and ced-4 mutants tested. Double mutants between ced-8 and the strong cells to survive ectopically. However, since weak mutations in ced-3 and ced-4 affect cell death kinetics and alleles ced-3(n1040), ced-3(n717), or ced-4(n1162) had no more extra cells than did the ced-3 or ced-4 single also weakly affect the cell-killing process, we assessed quantitatively whether ced-8 mutations block cell death. mutant animals ( Table 2) . These data are consistent with a modulatory function Counts of extra cells in the anterior region of the pharynx, the nematode feeding organ, are a convenient meafor ced-8 in cell killing. ced-8 appears to play a role in cell death that is distinct from those of ced-3 and ced-4: sure of the degree to which cell death is blocked in a ced mutant (Hengartner et al., 1992). For instance, strong ced-8 is not absolutely required for cell killing, but it can enhance the probability of dying for a cell poised near mutations in ced-3 or ced-4 result in approximately 13 extra cells in this region of the animal (Table 2) . We the threshold of programmed cell death. found that very few, if any, extra cells were present in ced-8 mutants as compared to strong ced-3 and ced-4 ced-8 Acts Downstream of or in Parallel to ced-9
The gene ced-9 is required for cell survival during develmutants (Tables 1 and 2) .
One possible explanation for a weak ced-8 cell suropment and for fertility: ced-9(lf) mutations result in ectopic cell deaths leading to maternal-effect lethality and vival phenotype was that the known ced-8 mutations might cause only a partial loss of function of this gene. in zygotic sterility (Hengartner et al., 1992). Mutations in either ced-3 or ced-4 suppress the ced-9(lf) phenotype, To test whether stronger ced-8(lf) mutations might cause a more pronounced cell survival phenotype, we scored indicating that the lethality results from ectopic programmed cell deaths and that ced-9 normally functions for extra cells in the pharynges of ced-8(n1891)/yDf2 animals (yDf2 spans the ced-8 locus; L. Miller and B.
to negatively regulate ced-3 and ced-4 activity. We Table 2 sought to determine whether ced-8 mutations similarly DNA Degradation Is Somewhat Delayed in ced-8 Mutants could suppress the ced-9(lf) phenotype. We found that the ced-8(n1891) and ced-8(n1999) mutations partially How might we distinguish whether ced-8 mutants initiate programmed cell death late or execute the process suppressed the loss of fertility and developmental defects of ced-9(n1950 n2161) mutants. For example, cedof programmed cell death slowly? If programmed cell deaths were initiated late, then the appearance of all 9(n1950 n2161) unc-69(e587); ced-8 homozygous mothers laid more eggs than did ced-9(n1950 n2161) markers of cell death should be delayed, but once killing is triggered, the morphological changes that result in a unc-69(e587) mothers, and ced-9(n1950 n2161) unc-69(e587); ced-8 embryos developed to later embryonic refractile corpse would presumably occur with normal kinetics. However, if programmed cell deaths were initistages than did ced-9(n1950 n2161) unc-69(e587) embryos (data not shown). However, although ced-9(n1950 ated at the normal time in ced-8 mutants, then some cell death markers could appear at the appropriate time n2161) unc-69(e587); ced-8 animals occasionally survived until hatching, none progressed past the L1 larval even though the progression of the cell to refractility is slowed. stage, so mutations in ced-8 improved the viability of ced-9(lf) animals but did not completely suppress their Therefore, we sought additional biochemical markers of cell corpses besides the refractility visible by Nomardefects. To test whether ced-8 acts genetically upstream of ced-9, we determined whether ced-9 function ski microscopy. Degradation of the DNA of dying cells is a hallmark of apoptosis and can be visualized in situ is required for the enhanced cell survival phenotype of a ced-3(weak); ced-8 double mutant. We found that more using TUNEL (Gavrieli et al., 1992; Wu et al., 2000). In wild-type C. elegans embryos, a small fraction of dying extra cells were present in ced-9(n2812); ced-3(n2427); ced-8(n1891) mutant animals than were present in cedcells are TUNEL reactive at any one time; by contrast, embryos mutant for the gene nuc-1, which is important 9(n2812); ced-3(n2427) animals (p Ͻ 0.0001, paired t test) (Table 3) . Thus, DNA degradation is in the absence of ced-9 activity, indicating that ced-8 acts downstream of or in parallel to ced-9.
apparently very rapid during programmed cell death in Table 3 the greatest number of TUNEL-reactive corpses was present in late-stage ced-8 nuc-1 embryos. However, in early embryos, there were many more corpses in ced-8 nuc-1 embryos as visualized by TUNEL staining than there were refractile corpses in ced-7; ced-5; ced-8 mutant embryos as visualized by Nomarski optics ( Figure  2D versus Figure 1D ). That so many TUNEL-positive cells were present at this early stage suggests that although morphological changes causing refractility are delayed in most cell corpses until the 3-fold stage of embryogenesis, DNA degradation is less delayed. This result is consistent with the hypothesis that cell death is triggered at the appropriate developmental time in ced-8 mutants but proceeds to the refractile corpse stage more slowly than in the wild type and that the biochemical and cytological changes of dying cells that occur nearly synchronously in the wild type are uncoupled from one another in ced-8 mutants.
Cloning of ced-8 ced-8 previously had been mapped to LGX to the right of determine whether we had identified the 5Ј end of this In ced-8 embryos, as in wild-type embryos, few TUNELrescuing transcript, we analyzed 5Ј RACE products from reactive corpses were present at any given develop-C. elegans embryonic RNA and performed Northern mental stage (Figures 2A and 2C) . However, in a ced-8 analysis. Putative full-length ced-8 transcripts identified nuc-1 double mutant strain, many TUNEL-reactive by RACE were 1576 bases in length and had 41 addicorpses were present late in embryogenesis ( Figure 2D (Table 1) .
with defects in cell corpse engulfment. ced-8 mutants, like the engulfment-defective mutants identified in that CED-8 Is Similar to XK screen, contain visible cell corpses at these late stages, The ced-8 cDNA encodes a 458 amino acid protein that and ced-8 was assumed initially to be defective in the is weakly similar to the product of the human XK gene engulfment step of programmed cell death. However, by ( Figure 4A) (Ho et al., 1994) . CED-8 and XK share 19% examining earlier stages of development, we discovered identity and 37% similarity overall and have similar hythat in ced-8 embryos corpses were not visible at the dropathy plots ( Figure 4B ). Both proteins contain 10 stages at which they normally appear both in the wild hydrophobic predicted transmembrane-spanning segtype and in engulfment mutants; rather, corpses were ments, and most sequence similarity between the two present at later stages than in the wild type. This obserproteins lies within these regions. Consistent with this vation revealed that the presence of cell corpses in structural prediction for CED-8, a ced-8:gfp (green fluoced-8 L1 larvae reflects a delay in cell killing rather than rescent protein) translational fusion, which includes a defect in engulfment. most of the ced-8 coding region and rescued the deOur previous ultrastructural studies indicated that cell layed death phenotype of ced-8(n1999) embryos (data corpses generated postembryonically in the ventral cord not shown), was localized to the plasma membrane (Figof ced-8 mutants are engulfed (Ellis et al., 1991) , consisure 5). Two regions of similarity between CED-8 and XK tent with our current conclusion that the defect of ced-8 are shared with a predicted protein from the ascidian mutants is in cell killing rather than cell corpse enCiona intestinalis, and one of these regions is also gulfment. However, we also reported previously that cell shared with a Drosophila EST ( Figure 4C) . corpses that are normally generated during early to mid embryogenesis are not engulfed in recently hatched Discussion ced-8 L1 larvae. We now understand that these corpses are present at this stage simply because they have just ced-8 was discovered in a screen for animals containing been generated. Specifically, in ced-8 mutants, embrycell corpses in L1 larvae, a stage at which few programmed cell deaths occur and embryonic cell corpses onic deaths are delayed until very late embryogenesis 
subsequent consequence of earlier defects in pro-
We injected heat-shock constructs at 50 ng/l each into cedgrammed cell death.
8(n1891) hermaphrodites. For heat-shock experiments, gravid Rol hermaphrodites were allowed to lay eggs for 1.5-2 hr, the adults Experimental Procedures were removed from the plates, and the plates were incubated at 33ЊC for 1 hr. The number of corpses was counted when embryos Nematodes reached either the bean and comma stages or the 3-fold stage of C. elegans was cultured at 20ЊC on NGM agar seeded with E. coli development. Non-heat-shocked control animals were studied in strain OP50 as described by Brenner (1974) . Worms used for RNA parallel and treated identically, except that the plates were placed preparations were grown in liquid culture essentially as described at 20ЊC rather than 33ЊC for 1 hr. in Wood et al. (1988) LG IV: ced-3(n717); ced-3(n2427, n2438) (Hen-5Ј-RACE are available upon request. We determined sequence from gartner and Horvitz, 1994a); ced-3(n2452) (Shaham et al., 1999) ; the minimal rescuing fragment pGS23 by a shotgun protocol using ced-5(n1812). LGX: lon-2(e678); unc-10(e102); xol-1(y9); dpy-6(e14);
an ABI 373A sequencer. To identify ced-8 cDNAs, a 3.5 kb HpaI-SphI fragment of pGS23 was used to probe an embryonic stage cDNA library in gt11 (OkGenetic Mapping kema and Fire, 1994) and a mixed stage cDNA library in ZAP From the progeny of unc-10(e102) xol-1(y9) dpy-6(e14)/ced-(Barstead and Waterston, 1989). We found two classes of alterna-8(n1891) heterozygotes, we selected 56 Unc non-Dpy recombinants tively spliced cDNA clones in addition to a clone containing introns and found that 53 segregated Ced-8 progeny, indicating that ced-8 1 and 3, which were spliced out of all other isolated cDNAs. We lies between unc-10 and dpy-6, very close to dpy-6 and therefore refer to these two classes of alternatively spliced cDNA clones as left of the physical marker nP81 (Kornfeld et al., 1995) . type I and type II, and they differed in two ways: the splice donor for the second intron differed between the two clones, and the type Cell Death Assays II cDNA was shorter at the 5Ј end. The type I splicing pattern was The number of extra cells in the anterior pharynx of L4 animals was present in five independent clones, while the type II splicing pattern scored using Nomarski microscopy as described by from the type II cDNA can encode a protein corresponding to the was included at 1 g/ml in the final wash, and animals were staged 363 C-terminal amino acids of the type I ORF. Plasmids pGS35 (type using the pattern of DAPI-stained nuclei to identify developmental I) and pGS33 (type II) were constructed by digesting phage DNA landmarks.
with BsiWI and ligating the insert fragment into pSL1190 (Brosius, 1989) digested with BsiWI. To determine whether either or both of ced-8 Dosage Experiments the two alternatively spliced transcripts encode(s) functional CED-8 We crossed lon-2 or lon-2 ced-8 males with szT1/ϩ; unc-32(e189); protein, we placed the longest ORF from each of the two transcripts yDf2/szT1[lon-2(e678)] hermaphrodites. Non-Lon cross progeny under the control of C. elegans heat-shock promoters (Fire et al., were scored for extra cells in the pharynx. To assay viability, several 1990) and assayed the ability of these heat shock-cDNA constructs of these non-Lon hermaphrodites were picked to a plate and allowed to rescue the Ced-8 phenotype of ced-8(n1891) embryos. Only the to lay eggs for 2 to 3 hr. The number of eggs was counted immeditype I ORF rescued, suggesting that the type II transcript does not ately after removal of the adult worms and then counted again after encode a functional ced-8 gene. at least 16 hr, and the number of worms reaching at least the L3
To assess further the possibility that the type II transcript might stage was counted 2 days later. There was no decrease in viability be relevant for either the function or regulation of ced-8, we cloned of embryos from lon-2(e678) ced-8(n1891)/yDf2 mothers as comand determined the sequence of the ced-8 region from the closely pared to embryos from lon-2(e678)/yDf2 mothers; in both cases, related nematode C. briggsae. We obtained clones containing genoapproximately a quarter of embryos failed to hatch (data not shown), mic C. briggsae ced-8 by probing a Charon4 library (T. Snutch and as expected if only the yDf2 homozygous class of progeny was D. Baillie, personal communication) and a fosmid library (Genome inviable.
Systems; fosmid clones were provided by the C. elegans Genome Sequencing Consortium). We found that the type I splice donor sequence is conserved from C. elegans to C. briggsae, but the type Rescue Experiments We performed injections as described by Mello et al. (1991) using II splice donor site is absent in C. briggsae. We also found that the majority of the predicted amino acid sequence of C. briggsae CED-8 the coinjection markers pRF4 at 50-75 ng/l and egl-5:gfp (A. Chisholm and H. R. H., unpublished data) at 50-75 ng/l, and we selected is well conserved as compared to that of C. elegans type I, and in particular, the coding potential in the region spliced out of the ced-8 transgenic lines using the Roller phenotype.
We injected cosmids at 20 ng/l each into ced-8(n1999) hermaphmessage in the event of a type II splice donor choice is identical between C. elegans and C. briggsae. Our findings that the type II rodites. We examined 3-fold embryos that expressed the egl-5:gfp marker for the presence of cell corpses in the head region; embryos long ORF does not appear to encode a functional protein and that the splice site necessary to generate a type II transcript are not with fewer than three corpses in the head were scored as rescued. We confirmed that the absence of cell corpses was a consequence conserved between C. elegans and C. briggsae are consistent with the idea that the type II cDNA identified in the library is not functional. 
